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Hepatitis C virus (HCV) carries an internal ribosomal entry site (IRES) within the 5* portion of the RNA. To identify
structures that influence efficiency of the translation initiation, relative activities of modified IRESs were examined by using
engineered bicistronic mRNAs, between the two cistrons of which various mutant IRESs were inserted. An IRES derived
from genotype 2b is at least two times more efficient than one from genotype 1b in cultured cells. Activity ratios of genotype
2b IRES to 1b IRES differ in magnification among cultured cells, suggesting the difference in assortment of IRES-related
host factors among individual cell types. Recombinant IRESs between the genotypes show similar or higher activities
compared with 2b IRES in cell-free systems and show intermediate activities in cultured cells. Patterns of relative activities
of those IRESs indicate that the IRES activity is not regulated by defined structure(s), although a cluster of different
nucleotides is observed in the genome region of nucleotides 176–224 between the two alleles. The results suggest that a
highly ordered structure formed by the entire 5* portion of the RNA is important for the IRES activity. The 5* border of HCV
IRES was examined by using a series of deletion RNAs in various systems. The results strongly suggest that the border
resides between nucleotide positions 28 and 45. Patterns of relative activities of the deletion IRESs differ in translation
systems or cell types. These results imply that interactions of HCV RNA with the related transacting factor(s) may differ in
the translation systems or cell types. q 1997 Academic Press
INTRODUCTION are similar to those of pestiviruses (Brown et al., 1992;
Le et al., 1995; Poole et al., 1995) or picornaviruses rather
Hepatitis C virus (HCV) is the main causative agent of
than flaviviruses.
non-A, non-B hepatitis (Choo et al., 1989), and chronic
IRESs were first discovered on picornavirus RNAs (Pel-
infection of HCV frequently leads to liver cirrhosis and
letier and Sonenberg., 1988; Jang et al., 1988) and then
hepatocellular carcinoma (Saito et al., 1990). The genome
on some cellular mRNAs (Macejak and Sarnow, 1991;
of HCV is a single-stranded RNA of positive polarity and
Oh et al., 1992; Iizuka et al., 1994) as well as other viral
consists of approximately 9500 nucleotides (nt). This RNA
RNAs including HCV RNA. Since the discovery of the
has only one open reading frame that encodes a polypro-
IRES, a number of efforts to identify common motifs in
tein of 3010–3033 amino acid residues (Kato et al., 1990;
picornavirus IRES have been made (Iizuka et al., 1991;
Takamizawa et al., 1991; Okamoto et al., 1992), which is
Pilipenko et al., 1992). As a result, potentially important
cleaved by cellular signal peptidase and virus-encoded sequences have been suggested in picornavirus IRESs
proteases to form the viral structural and nonstructural within the 5*UTR, such as common motifs complemen-
proteins (Hijikata et al., 1993; Grakoui et al., 1993; Matsu- tary to nucleotide sequences near the 3* end of 18S rRNA
ura et al., 1994). Since the gene organization resembles (Pilipenko et al., 1992). Similar motifs were also observed
those observed in flaviviruses and pestiviruses, HCV is in the HCV IRES (Nomoto et al., 1994). Recently, a new
now classified into the Flaviviridae. basepairing model between the 3* end of 18S rRNA and
HCV RNA has a fairly long 5* untranslated region (UTR) IRES has been proposed for HCV and pestivirus IRESs
(341 nt in most strains) that has the potential to form (Le et al., 1995). However, such motifs common in all
extensive secondary structures (Brown et al., 1992; Tsuki- IRESs including those on cellular mRNAs have not yet
yama-Kohara et al., 1992; Le et al., 1995) and contains 3 been discovered. As for HCV IRES, most deletions and
to 5 AUG sequences. In this area of the RNA, an internal modifications so far introduced were deleterious for the
ribosomal entry site (IRES) has been identified by Tsuki- internal initiation activity (Tsukiyama-Kohara et al., 1994;
yama-Kohara et al. (1992) and Wang et al. (1993). Thus, Wang et al., 1994; Fukushi et al., 1994; Rijnbrand et al.,
the structure and function of the 5* portion of the RNA 1995). Thus, most regions of HCV IRES appear to be
important for the IRES function.
Another powerful technique to map specific function(s)1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 81-3-5449-5408. E-mail: anomoto@ims.u-tokyo.ac.jp. on RNA is allele replacement, if two alleles of RNA with
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different biological characters are available. Indeed, a MATERIALS AND METHODS
relatively strong determinant for poliovirus neuroviru-
Construction of plasmidslence has been identified by this technique in a genome
region corresponding to the IRES (Kawamura et al., 1989; The manipulation of plasmids is based on standard
Horie et al., 1994). At least six major genotypes have protocols (Sambrook et al., 1989). We have previously
been recognized for HCV isolates throughout the world constructed plasmid pCV as a template for the synthesis
(Simmonds et al., 1993). There are some reports that of dicistronic mRNA which contains the 5*UTR of HCV
genotype 1 and genotype 2 differ in some biological fea- genotype 1b between the two cistrons (Tsukiyama-Ko-
tures such as quantity of virus in serum or sensitivity to hara et al., 1992). The first cistron is a coding sequence
interferon (Kohara et al., 1995; Zein et al., 1996). As for for chloramphenicol acetyltransferase (CAT), and the
the IRES, an IRES from a genotype 2b isolate appeared second the intact HCV (genotype 1b) protein composed
to be more efficient than that from a genotype 1b isolate of core, E1, and the N-terminal part of E2/NS1. In this
in cell-free systems, although more than 90% homology plasmid, nucleotide sequence corresponding to nt 1–
was observed in the two IRES sequences (Tsukiyama- 17 of the 5*UTR was missing. Therefore the nucleotide
Kohara et al., 1992). Recombinant IRESs starting from nt sequence was inserted into plasmid pCV at the corre-
64 of those sequences show activities similar to or higher sponding sites by using synthetic oligodeoxynucleotides
than that of the 2b IRES in cell-free systems, suggesting and polymerase chain reaction (PCR). By this procedure,
the importance of highly ordered structure and possible the BamHI site at the 5* side of HCV RNA sequence in
down-regulation of the 1b IRES (Nomoto et al., 1994). pCV was excluded and the corresponding nt 1 of HCV
Cumulative data, however, suggest the possible contri- RNA was joined directly to the XbaI site just following
bution of the nucleotide sequence upstream of nt 64 the end of CAT cDNA. The plasmid containing a full-
to the IRES function, as described below. Thus, allele length 1b 5*UTR thus constructed was designated pC1b.
replacement experiments using the full-length 5*UTR are Plasmid pNII5 has previously been used for the synthe-
now required for understanding the structure and func- sis of monocistronic mRNA containing nt 58– 406 of 2b
tion of HCV IRES. RNA and nt 407 –1781 of 1b RNA (Tsukiyama-Kohara et
It is reported that the coding sequence of HCV RNA al., 1992). Since this plasmid lacks a nucleotide se-
is required for efficient internal initiation of translation quence corresponding to nt 1– 57, the missing segment
both in vitro and in vivo and that the 3* boundary of the was inserted into pNII5 using a method similar to that
IRES lies some 14–31 nt downstream of the authentic used for pC1b. An XbaI (sixth nucleotide upstream of nt
initiation codon (Reynolds et al., 1995), although only the 1)– AatII (nt 406) DNA fragment of pC1b was replaced
5*UTR has yet been shown to have IRES activity in cell- by the corresponding fragment from genotype 2b cDNA,
free systems (Tsukiyama-Kohara et al., 1992) and in cul- and the resulting plasmid containing the 2b IRES was
tured cells (Wang et al., 1993). As for the 5* boundary of designated pC2b.
HCV IRES, results reported so far have been controver- Nucleotide sequences of the synthetic oligodeoxy-
sial. According to the first report on HCV IRES by Tsuki- nucleotides follow those of genotype 1b strains HC-J4
yama-Kohara et al. (1992), approximately 100 nucleotides (Okamoto et al., 1990, Accession No. D00832), HCV-JT
at the 5* end of HCV RNA seemed to be dispensable for (Tanaka et al., 1992), and HCV-T (Chen et al., 1992) and
the IRES function in cell-free translation systems. Fukushi genotype 2b strain HC-J8 (Okamoto et al., 1992). All PCR-
et al. (1994) showed, by using a cell-free system with amplified fragments were sequenced prior to the study
different KCl concentrations, that the first 20 nucleotides of translation. There are 27 different nucleotides between
containing the 5* hairpin structure appeared to be neces- pC1b and pC2b, and they are indicated by boldface let-
sary for the IRES activity. This 5* portion of the RNA was ters in Fig. 1.
shown by Rijnbrand et al. (1995) and Honda et al. (1996b) A series of deletion mutations was introduced into the
to have an inhibitory activity both in cell-free systems 1b 5*UTR sequence of pC1b by using PCR. Plasmid
and in cultured cells, whereas it appeared not to have pC(0) was constructed based on standard protocols
an important role according to Wang et al. (1993). (Sambrook et al., 1989) using the BspHI cleavage site at
Here we describe results of allele replacement experi- nt 340/341.
ments using dicistronic mRNAs carrying recombinant IR-
ESs starting from nt 1 of genotype 1b and 2b. Our results In vitro transcription
indicate that the IRES activity is not regulated by a de-
fined part(s) of HCV IRES. We also demonstrate that the For preparation of RNA for cell-free translation sys-
tems, plasmids were first linearized by digestion withcontribution of nucleotide sequence including the se-
quence corresponding to the 5* hairpin structure to the BamHI at nt 1357/1358 and used as a template for run-
off RNA synthesis by T7 RNA polymerase (generous giftIRES function differs in translation systems, suggesting
that interactions between HCV IRES and related host from Dr. Mizumoto). Reactions were carried out as pre-
viously described (Kaminski et al., 1990; Tsukiyama-Ko-factors are specific to cell type.
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tion of potassium ion in RRL systems was adjusted to
150 mM by adding KCl. No additional magnesium ion
was supplied to either RRL system, and final concentra-
tions of magnesium ion in the RRL systems from Amer-
sham and Promega were calculated to be 1.5 and 0.5
mM, respectively. In all the translation systems, 0.15 mg
of RNA was used as a template in a 12.5-ml reaction
mixture. Reactions were carried out for 1 hr at 307 in RRL
and at 377 in HeLa S10 in the presence of [35S]-
methionine. Translation products were analyzed by elec-
trophoresis on a 12.5% polyacrylamide gel in Laemmli’s
buffer system (Laemmli, 1970). The gels were dried and
exposed to Fuji X-ray films. If necessary, the radioactivity
was quantified by BAS III Image Analyzing System.
Cell culture
Suspension-cultured HeLa S3 cells were grown in
RPMI 1640 medium supplemented with 5% newborn calf
serum (NCS). HeLa S3 cell monolayers and African green
monkey kidney (AGMK) cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 5% NCS, and HepG2 (a human hepatocellular carci-
noma) cells were grown in DMEM containing 10% fetal
calf serum.
RNA transfection
Cells in 60-mm plastic dishes were transfected with 5
mg of RNA mixed with 7.5 mg of Lipofectin (GIBCO BRL)
FIG. 1. Possible secondary structure of the 5* portion of HCV RNA. as described in the manufacturer’s protocol. Proper cell
Stem–loop structures I and II shown here follow those reported by
confluencies for the transfection were 50, 70, and 80%Brown et al. (1992), and stem– loop structures III and IV follow Honda
for HeLa cells, HepG2 cells, and AGMK cells, respec-et al. (1996a). Nucleotide sequence of genotype 1b RNA is shown.
tively. At 6 to 8 hr posttransfection, cells were scrapedNucleotides that are different between RNAs derived from pC1b and
pC2b are indicated by arrows and boldface letters. Coding sequences from the dishes, suspended in PBS, and disrupted by
are boxed. sonication. Cell lysates (86 ml) were incubated with 1
mM acetyl coenzyme A and 2 mCi/ml 1-deoxy-[dichloroa-
cetyl-1-14C]chloramphenicol (50 mCi/mmol) in a 100-mlhara et al., 1992) and, in some cases, RNAs were capped
reaction mixture for 2 hr at 377. CAT activity was quanti-without methylation in a reaction mixture containing
fied by using a BAS III Image Analyzing System. AmountsGpppG (New England BioLabs). RNAs used for transfec-
of HCV core antigen were measured by an immunologi-tion experiments were transcribed by T7 RNA polymer-
cal method as described previously (Tanaka et al., 1995;ase from plasmids that had been cleaved with HindIII
Kashiwakuma et al., 1996) except that an aliquot of thedownstream of nt 1781 and within the cloning site of the
cell lysate was used in place of patient sera.plasmid. Capped methylated RNAs were prepared in a
reaction mixture containing m7GpppG. RNAs used in a
RESULTSseries of transfections were synthesized at the same
time. Different nucleotides between pC1b and pC2b
Nucleotides that differ between plasmids pC1b andIn vitro translation
pC2b reside in a region corresponding to nt 1–406 of
the HCV genome (Fig. 2), since plasmid pC2b has beenCytoplasmic extract (S10) was prepared from suspen-
sion-cultured HeLa S3 cells as previously described (Ii- constructed by the replacement of an XbaI–AatII frag-
ment of pC1b with the corresponding cDNA fragment ofzuka et al., 1991; Tsukiyama-Kohara et al., 1992), and
translation reactions were carried out at final potassium genotype 2b. The 5* portion of HCV genotype 1b RNA is
shown in Fig. 1. The possible secondary structure followsand magnesium ion concentrations of 176 and 1.6 mM,
respectively. Rabbit reticulocyte lysates (RRL) were pur- those proposed for HCV genotype 1a RNA by Brown et
al. (1992) and Honda et al. (1996a). Different nucleotideschased from Amersham and Promega. Final concentra-
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FIG. 2. Structure of cDNA for the synthesis of dicistronic mRNA. Open triangle represents T7 f10 promoter. Portions of cDNA corresponding to
the 5* end of HCV RNA are shown at the top. Portions of cDNA corresponding to the 5* UTR of HCV RNA are indicated by shaded boxes. Nucleotide
sequences of CAT and HCV core genes are indicated by striped and hatched boxes, respectively. Restriction enzyme cleavage sites used for DNA
manipulation are indicated under the cDNAs.
within this part of HCV genotype 2b RNA are indicated iments were performed using various kinds of cultured
cells.by arrows and boldface letters. As shown in Fig. 1, 24
and 3 different nucleotides are observed in the 5* UTR HeLa, AGMK, and HepG2 cells were transfected with
capped methylated (m7GpppG-linked) dicistronic mRNAs,and HCV core protein coding sequence, respectively. A
cluster of different nucleotides is observed in a region which had been transcribed from plasmid pC1b and
pC2b, as described under Materials and Methods. Effi-of nt 176–224 between the two genomes. Many different
nucleotides in this genome region occurred without de- ciency of RNA transfection must differ from dish to dish
even in the same series of experiments. The amount ofstruction of possible basepairing (Tsukiyama-Kohara et
al., 1992). Common motifs suggested for picornavirus the product of the second cistron, thus, may not be a
direct reflection of IRES activity. To normalize the differ-IRES are observed in this RNA region (Nomoto et al.,
1994). As for the coding sequence, nucleotides differ at ence in transfection efficiency, we took advantage of the
activity of CAT, a product of the first cistron, to divide thepositions 378, 380, and 386 (Fig. 1). These nucleotides
appear not to be included in the region required for the amount of HCV core protein. Relative amounts of HCV
core antigen to CAT activity were fairly constant as longIRES activity (Reynolds et al., 1995) and do not result in
the change of the amino acid sequence of core protein. as the same RNA constructs and the same preparation
of cells were used (data not shown). Therefore, this index
was used to compare IRES activities of genotype 1b andIRES activities of genotype 1b and 2b in cultured
2b. Experiments were repeated at least four times tocells
obtain each index. Average indexes of IRES activity of
pC2b are 2.1, 4.9, and 1.9 times higher than those of pC1bSince nucleotide differences were observed in putative
in HeLa, AGMK, and HepG2 cells, respectively (Table 1).IRES sequence between genotype 1b and 2b RNAs (Fig.
Absolute amounts of HCV core protein were 4.5–9.1,1), it is possible that these two IRESs have different ca-
7.2–19.1, and 10.9–45.5 pg per 106 HeLa cells, AGMKpacities to direct internal initiation. Indeed, Tsukiyama-
cells, and HepG2 cells, respectively. The range of valuesKohara et al. (1992) have demonstrated, by using capped
in each cell line is considered to reflect difference inunmethylated (GpppG-linked) monocistronic HCV RNAs
transfection efficiency. The data show that the IRES en-(nt 58 to 1781) and a cell-free translation system of HeLa
coded by pC2b is more efficient than that encoded byS3 cells, that genotype 2b IRES is more efficient than
pC1b in all the cultured cells used in this study. Thus,genotype 1b IRES. To know whether a similar phenome-
non is observed in cultured cells, RNA transfection exper- IRES-related host factors may support more efficiently
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TABLE 1 the previous observation reported by Tsukiyama-Kohara
et al. (1992).Activity Ratio of Genotype 2b IRES to Genotype 1b IRES
Cell line pC2b/pC1b Activities of recombinant IRESs in cell-free systems
and cultured cells
HeLa 2.1 { 0.2a
AGMK 4.9 { 0.4 To identify the structure(s) that influences efficiency ofHepG2 1.9 { 0.2
the translation initiation, allele replacement experiments
between pC1b and pC2b were carried out with regarda Activity of IRES from pC1b and pC2b was individually measured.
Mean values from four independent transfection experiments are to the corresponding nt 1–406 of HCV RNA (Fig. 3A).
shown with standard errors. Recombination was done by using restriction enzyme
sites of PinAI (corresponding nt 155/156) and NheI (nt
249/250) of pC1b and pC2b. As a result, six differentthe activity of the IRES derived from genotype 2b than that
from genotype 1b. Degree of difference in IRES activities recombinants, whose nomenclatures and structures are
shown in Fig. 3A, were constructed. These recombina-between the two genotypes varies from cell line to cell
line (Table 1). The reason for this phenomenon is not tions seemed not to result in alteration of the secondary
structure of this region of RNA according to the structureknown at present. However, it is possible that the degree
of contribution of some IRES-related host factors to IRES shown in Fig. 1.
Capped unmethylated dicistronic mRNAs transcribedactivity is different between the two genotypes and the
distribution of those critical factors differs in types of cell from recombinant plasmids between pC1b and pC2b
were prepared as described under Materials and Meth-lines used in this study.
In cell-free translation systems of RRL from Amersham ods. Translation initiation activities of these recombinant
IRESs were examined in cell-free systems of RRL (Amer-and Promega, IRES encoded by pC2b is more efficient
than that encoded by pC1b under the conditions used in sham), RRL (Promega), and HeLa S10. The results ob-
tained with RRL (Amersham) are shown in Fig. 3B. Activi-this study (Fig. 3B). This observation is compatible with
FIG. 3. Structures of recombinant cDNAs and the IRES activities of their transcripts. (A) Structures of cDNAs are shown as combination of
sequences of pC1b (shaded boxes) and pC2b (open boxes). The length of the cDNA is shown at the top in bases. Positions of different nucleotides
and regions 1, 2, and 3 are indicated at the top by vertical lines and arrows, respectively. Hatched boxes represent cDNAs for the coding sequence
of HCV RNA. Restriction enzyme cleavage sites used for allele replacement experiments are shown by names of enzymes with nucleotide positions.
Downstream sequence of the AatII cleavage site is derived from genotype 1b RNA. (B) Recombinant IRES activities were measured as described
under Materials and Methods. Translation reactions were carried out once in RRL (Amersham) (open boxes) and twice in HeLa S3 cells (shaded
boxes). Average relative activities of individual IRESs are shown by indexes in which the activity of pC1b is regarded as 1.0. Standard errors of the
measured IRES activities in HeLa S3 cells are shown by error bars.
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ties of IRESs encoded by pC1b, pC2b, and their recombi- plasmids. Restriction enzyme BamHI was employed to
linearize plasmids for preparing RNAs used in cell-freenants are shown by indexes when the index for pC1b is
regarded as 1.0 (Fig. 3B). Activity of IRES encoded by translation systems, and HindIII for RNAs used in cul-
tured cells (Fig. 2).pC2b is about 1.6 times higher than that by pC1b. Recom-
binant IRESs between them show levels of translation Dicistronic mRNAs carrying a series of deletions were
tested for their mRNA activities in cell-free systems ofinitiation activity similar to or higher than the IRES en-
coded by pC2b. Thus, it is impossible to identify the RRL (Amersham), RRL (Promega), and HeLa S10. The
result obtained from experiments involving HeLa S10 isregion that influences IRES activity differently in geno-
types 1b and 2b. Similar results were obtained when RRL shown in Fig. 4B. HCV IRES derived from pC23 shows a
slightly higher activity than that from pC1b (Fig. 4B). This(Promega) or HeLa S10 was employed as translation
system. This unexpected result, however, is compatible suggests that the 5* end sequence of 22 nucleotides
containing the 5* hairpin structure has an activity slightlywith that of the previous experiments involving recombi-
nant IRESs starting from nt 64 and cell-free system pre- inhibitory to the IRES function in cell-free system, al-
though the activity appears to be much weaker than thatpared from HeLa S3 cells (Nomoto et al., 1994).
Capped methylated dicistronic mRNAs were used for reported by Rijnbrand et al. (1995). Activity of IRES de-
rived from pC28 appears to be highest. This result sug-transfection assay. HeLa S3 monolayer cells and AGMK
cells were used for RNA transfection studies. The data gests that a possible stem structure involving nt 23– 27
and nt 98–102 also has an activity inhibitory to IRESobtained from experiments involving HeLa S3 cells are
shown in Fig. 3B. Transfected cells were harvested at function. Further deletion results in decrease in HCV
IRES activity (Fig. 4B). Thus, the 5* boundary of HCV IRES6–8 hr posttransfection and examined for CAT activity
and amount of HCV core protein. IRES derived from pC2b appears to reside in nt 28–45 under the conditions used
here. Products from the second cistron of pC6 and pC7shows more than two times higher activity than that de-
rived from pC1b (Table 1, Fig. 3B). Recombinant IRESs were much lower in amount compared with that from
pC1b, and the products from IRES completely disap-show intermediate activities between parental IRESs
from pC1b and pC2b (Fig. 3B). peared when more than 156 bases were deleted from
the 5* end of HCV RNA. Similar results were obtainedIt is possible that region 2 determines the difference
in IRES activities between genotype 1b and 2b, since from both experiments involving RRL (Promega) and RRL
(Amersham) (data not shown). RNAs from pC6 and pC7this region contains a cluster of different nucleotides and
possible common motifs in picornavirus IRESs (Fig. 1; appeared to be fully active mRNAs in previous reports
(Tsukiyama-Kohara et al., 1992), in which different saltNomoto et al., 1994). Indeed, replacement of region 2
affects IRES activity in HeLa cells (Fig. 3B). However, the concentrations and different amounts of RNA were used.
Indeed, amounts of HCV polypeptides relative to thosedata demonstrate that activity of pC*121 is lower than
that of pC2b, and that of pC*212 is higher than that of of CAT significantly vary with salt concentration used in
reaction mixtures (data not shown). Thus, IRES activitypC1b. This result suggests that IRES activity is not deter-
mined only by the region containing a cluster of different observed in cell-free translation systems may not be a
correct reflection of that in cells. Accordingly, IRES activi-nucleotides. Indeed, replacement of region 3 also ap-
pears to have some effect on activity of pC1b and pC2b ties of a series of deletions were compared in cultured
cells.IRESs. However, activity of pC*211, which is almost the
same as that of pC1b, suggests that the contributions of RNAs from a series of deletions of pC1b were tested
for their activities to direct internal initiation in HeLa S3regions 1 of genotype 1b and 2b to IRES activity are
similar, but pC*122 activity is considerably lower than monolayer cells and AGMK cells (Fig. 5). In HeLa cells,
HCV IRESs from pC1b and pC23 show activities similarpC2b activity. Thus, function of region 1 must be ex-
pressed in harmony with other regions. These results to each other. In AGMK cells, however, activity of pC23
is significantly lower than that of pC1b. These data indi-suggest that HCV IRES activity is determined by multiple
regions within IRES and probably a highly ordered struc- cate that the 5* end structure of 22 nucleotides containing
the 5* hairpin structure is necessary for maintaining IRESture formed by a whole IRES region.
activity of pC1b in AGMK cells but almost dispensable
in HeLa cells. The deleterious effect of this RNA regionMapping of the 5* boundary of HCV IRES
on the IRES activity reported by Yoo et al. (1992) and
Rijnbrand et al. (1995) was not detected in our study.In order to map the 5* boundary of HCV IRES, a series
of deletions was introduced into the nucleotide se- Activity of IRES from pC28 shows more than twice as
much as that from pC1b both in HeLa cells and in AGMKquence in the 5* UTR of HCV in plasmid pC1b (Fig. 4A).
Plasmids pC6 –pC11 are the same as those reported cells. The data strongly suggest that nt 23–27 has an
activity inhibitory to HCV IRES function in the two cellby Tsukiyama-Kohara et al. (1992). Capped methylated
(m7GpppG-linked), capped unmethylated (GpppG- lines. Further deletion lowers the IRES activity. This ob-
servation is similar to that in the cell-free system shownlinked), or uncapped RNAs were prepared from those
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FIG. 4. Structures of a series of deletion cDNAs and translation products of their transcripts in HeLa S10. (A) Structures of a series of deletion
cDNAs. CAT and HCV core genes are indicated by striped and hatched boxes, respectively, and cDNAs for HCV 5*UTR by shaded boxes. Deleted
parts of cDNAs are indicated by broken lines. Numbers under cDNAs represent nucleotide positions of the 5*-terminal nucleotides. (B) Uncapped
dicistronic mRNAs from pC1b, pC23, pC28, pC46, pC1111, pC6, pC7, pC8, pC9, pC10, pC11, and pC(0) were used as mRNAs in HeLa S10 extract,
and the translation products were analyzed as described under Materials and Methods. As a control, a sample with no RNA was also analyzed in
a lane indicated by RNA(0). Positions of the translation products (HCV and CAT) and molecular weight markers are indicated at the left and right,
respectively. Intensities of bands indicated by ‘‘HCV’’ were quantified by a BAS III Image Analyzing System and are shown at the bottom.
in Fig. 4B. Thus, the 5* boundary appears to lie within nt sides within nt 14–31 and nt 4–24 downstream of the
initiator AUG, respectively, other groups have shown the28–45 both in HeLa cells and in AGMK cells. It is of
interest to observe that IRES from pC23 is more effective expression of reporter genes that are connected to the
eighth nucleotide from (Rijnbrand et al., 1995) or directlyin HeLa cells than in AGMK cells, although IRES from
pC46 is more effective in AGMK cells than in HeLa cells. to (Tsukiyama-Kohara et al., 1992; Wang et al., 1993) the
initiating AUG. Since they used different reporter mRNAsSuch cell type-specific activities of HCV IRES may indi-
cate that individual cell types are different in constitution and HCV RNAs with some different nucleotide se-
quences, it is reasonable to conclude that the 3* bound-of host factors and/or mechanism to sustain HCV IRES
function, and that IRESs derived from pC23 and pC46 ary of the IRES differs in nucleotide sequences of HCV
and reporter RNAs, and that, in general, the boundarydetect such cell type-specific difference.
resides in the core-coding sequence. Considering the
fact that antisense oligonucleotides complementary toDISCUSSION
the initiator AUG region of core protein efficiently inhibit
the translation of HCV RNA (Wakita and Wands, 1994;For genetic study of HCV IRES activities, we employed
Hanecak et al., 1996), it is possible that this regionengineered dicistronic mRNAs, in which HCV IRESs were
around the initiator AUG is involved in the translationinserted between the two cistrons. Although RNA struc-
initiation. Indeed, recent reports (Reynolds et al., 1996;tures of the first cistron might influence the following
Honda et al., 1996a) suggest that ribosome binds to theIRES function, dicistronic constructs are essential for
HCV RNA directly at the site of translation initiation. Thus,comparison of relative activities of IRESs in cultured
introduction of mutations in this RNA region (Yoo et al.,cells, since amount of a product of the first cistron is
1992; Fukushi et al., 1994) might be very dangerous inrequired as an internal marker to normalize different effi-
the investigation of HCV IRES function.ciencies of individual RNA transfections.
Using cell-free translation system, Tsukiyama-KoharaThe second cistron used in this study was the intact
et al. (1992) demonstrated that an IRES of genotype 2bHCV coding sequence itself to avoid controversy about
was more efficient than that of genotype 1b. Results fromthe 3* boundary of the IRES. Although Reynolds et al.
cell-free systems vary extremely with assay conditions,(1995) and Lu and Wimmer (1996) have demonstrated in
cell-free systems that the 3* boundary of HCV IRES re- such as concentrations of potassium and magnesium
AID VY 8600 / 6a37$$$423 05-22-97 21:19:02 vira AP: Virology
16 KAMOSHITA ET AL.
Anyway, an observation that 2b IRES was more effi-
cient than 1b IRES was further supported in this study
by experiments involving transfection of cultured cells
with bicistronic mRNAs. This does not mean that replica-
tion efficiency of HCV genotype 2b is higher than that of
genotype 1b, since translation is one of many processes
in virus replication. Mutational analysis of the IRES se-
quence using an infectious cDNA clone of HCV, if avail-
able, may give insight into the contribution of the IRES
activity to HCV replication.
Ratios of 2b IRES activities to 1b IRES activities are
different among cell types (Table 1). This observation
suggests that IRES activity is determined by interaction
of the IRES element with host cellular factors which must
be different in distribution among cell types. This may, in
turn, lead us to the idea that IRES is one of the important
determinants of cell specificity of virus infection.
Allele replacement experiments between the two
IRESs of genotype 1b and genotype 2b failed to define
a specific RNA region as a determinant of different IRES
activities of the two alleles both in cell-free systems
and in cultured cells. Different patterns of IRES activities
were obtained for a series of recombinant IRESs be-FIG. 5. Translation initiation activities of a series of deletion IRESs
tween cell-free systems and cultured cells. It is possiblein cultured cells. Relative IRES activities were measured as described
under Materials and Methods. Capped methylated (m7GpppG-linked) that IRES-related factors are different in assortment and
dicistronic mRNAs were used for transfection of HeLa S3 cells (shaded contents in various translation systems. RNA transfec-
boxes) and AGMK cells (hatched boxes). Average relative IRES activities tion assay indicated that more than one region contrib-
obtained from at least four experiments, when the activity of pC1b is
ute to the difference of activities of the two IRESs. Thus,regarded as 1.0, are shown. Standard errors of the IRES activities are
individual RNA regions appear to influence expressionindicated by error bars. Numbers in parentheses represent the starting
nucleotide positions of deletion mutant IRESs as shown in Fig. 4A. of IRES function in a complicated fashion. It is possible
that some different nucleotides observed in genotype 2b
have a stimulatory effect and others have an inhibitory
ions, and salt concentrations proper in cell-free systems effect, and as a result, overall IRES activity of genotype
usually differ from those in physiological conditions. In 2b is higher than that of genotype 1b. In any event, HCV
addition, cap-dependent and IRES-dependent translation IRES function seems to be supported by a whole IRES
initiation require different salt concentrations for their sequence that is considered to form a highly ordered
maximum efficiencies (data not shown). In this study, structure.
potassium concentration in cell-free systems of RRL was Disagreement on the 5* boundary of HCV IRES was
adjusted to 150 mM, a physiological concentration in observed between this study and the previous study
mammalian cells, to reduce the gap between cell-free (Tsukiyama-Kohara et al., 1992). The data of pC1b, pC23,
systems and cellular cytoplasm. The results of experi- pC28, pC46, and pC1111 were missing in the previous
ments performed under this condition agreed with the study, and those of pCV (starting from nt 18) in this study.
observation by Tsukiyama-Kohara et al. (1992). Activities of pC6- and pC7-derived IRESs were almost as
We do not conclude that IRESs of genotype 1b are high as that of pCV in the previous experiment (Tsuki-
always less active than those of genotype 2b. Indeed, yama-Kohara et al., 1992). However, activities of pC6 and
there was an example, although it is a rare case, of pC7 are apparently lower than those of pC1b, pC23,
efficiency of translation initiation from HCV IRES of geno- pC28, and pC46 (Fig. 4B). This may result from different
type 1 (group I) which was greatly enhanced by only a assay conditions such as salt concentrations or different
few nucleotide changes in cell-free system (Nomoto et lots of RRL. Alternatively, a nucleotide sequence up-
al., 1996). This might indicate that activities of most IRESs stream of HCV RNA of pCV, which is deleted in this study,
of HCV genotype 1, a major population of field isolates, might be inhibitory to HCV IRES activity, resulting in simi-
are regulated to reduced levels in nature (Nomoto et al., lar activities of IRESs derived from pCV, pC6, and pC7
1996). Careful investigation of the relationship between (see Tsukiyama-Kohara et al., 1992).
IRES activity of field isolates and their prevalence in na- Cell-free translation and RNA transfection assays with
ture is needed to elucidate the effect of IRES activity on a series of deletion IRESs (Figs. 4 and 5) strongly suggest
that the 5* boundary of HCV IRES resides between nt 28HCV continuation in nature.
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oligonucleotide inhibition of hepatitis C virus gene expression inand 45, and that the nucleotide sequence upstream of
transformed hepatocytes. J. Virol. 70, 5203–5212.nt 27 is inhibitory to the IRES activity. The mechanism
Hijikata, M., Mizushima, H., Tanji, Y., Komoda, Y., Hirowatari, Y., Akagi,
for this inhibitory activity of this RNA region is not yet T., Kato, N., Kimura, K., and Shimotohno, K. (1993). Proteolytic pro-
elucidated. However, it is possible that cellular factors cessing and membrane association of putative nonstructural pro-
teins of hepatitis C virus. Proc. Natl. Acad. Sci. USA 90, 10773–inhibitory to IRES activity bind this portion of the RNA.
10777.Alternatively, this RNA region may have functions in the
Honda, M., Brown, E. A., and Lemon, S. M. (1996a). Stability of a stem–viral RNA synthesis. If the 5*-proximal structure of HCV
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RNA is essential for the RNA synthesis, HCV IRES may initiation of translation on hepatitis C virus RNA. RNA 2, 955–968.
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rulence. J. Virol. 68, 681–688.gests that interaction of HCV RNA with the related trans-
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